ABSTRACT Solid-phase hybridization, i.e. the process of recognition between DNA probes immobilized on a solid surface and complementary targets in a solution is a central process in DNA microarray and biosensor technologies. In this work, we investigate the simultaneous effect of monovalent and divalent cations on the hybridization of fully complementary or partly mismatched DNA targets to DNA probes immobilized on the surface of a surface plasmon resonance sensor. Our results demonstrate that the hybridization process is substantially influenced by the cation shielding effect and that this effect differs substantially for solid-phase hybridization, due to the high surface density of negatively charged probes, and hybridization in a solution. In our study divalent magnesium is found to be much more efficient in duplex stabilization than monovalent sodium (15 mM Mg 2+ in buffer led to significantly higher hybridization than even 1 M Na + ). This trend is opposite to that established for oligonucleotides in a solution. It is also shown that solid-phase duplex destabilization substantially increases with the length of the involved oligonucleotides. Moreover, it is demonstrated that the use of a buffer with the appropriate cation composition can improve the discrimination of complementary and point mismatched DNA targets.
INTRODUCTION
Solid-phase hybridization, in which nucleic acid strands tethered to a solid support (DNA oligonucleotide 'probes') bind DNA molecules from a solution ('targets'), represents a key process in DNA microarray and biosensor technologies. In the last two decades, these technologies have made great advances and have been applied in a number of important areas such as genotyping, gene expression profiling and biological detection (1) (2) (3) . Although the underlying hybridization process is fairly well understood in bulk solution, the understanding of solid-phase hybridization is much less developed and is therefore highly desired (1, 4) .
The solid-liquid interfacial environment is substantially different from the bulk solution. Typically, DNA probe layers are characterized by a surface density of 10 12 -10 13 probes/cm 2 and a layer thickness of several nanometers (1, 5) . These values correspond to a local concentration of oligonucleotides of $3-30 mM, which is much higher than the typical levels used in hybridization experiments in a solution. As the oligonucleotides are negatively charged, not only steric but also electrostatic effects play an important role in the solid-phase hybridization processes. Therefore, it is not surprising that the results of solid-phase hybridization experiments often deviate substantially from the models established for hybridization in a solution (1, (6) (7) (8) .
One of the key factors affecting the electrostatic field of the surface with the immobilized negatively-charged probes, and thus solid-phase hybridization, is the presence of cations. In general, cations compensate for the negative charge of the oligonucleotide backbone and stabilize the oligonucleotide complexes. It is anticipated that the shielding effect of cations will be more pronounced in solid-phase hybridization in comparison with hybridization in a solution due to the high surface density of negatively charged probes in the layer arrangement. Due to the need for cation shielding to compensate for the negative charge of closely spaced probes, DNA duplexes have been shown to exhibit lower stability in solid-phase than in solutions with the same cation content (1, 7, 8) . Several experimental and theoretical works have demonstrated repulsion of the immobilized probes and its destabilizing effect on duplexes and related them with the cation shielding (1,9-11). Peterson et al. (11) and Yu et al. (9) reported that the hybridization efficiency (HE) decreases with an increase of the surface probe density. Peterson et al. (11) showed that the yield of the probe immobilization on the surface increases with an increase of the concentration of monovalent sodium in the immobilization buffer. The dependence of the HE on sodium concentration in the range of 0-500 mM was studied in the work of Okahata et al. (10) . In agreement with the electrostatic theory, it was determined that the HE increases with an increase of the sodium concentration. Recently Cho et al. (12) used a surface plasmon resonance (SPR) sensor to demonstrate that the key factor influencing the probe density and subsequent hybridization is the total concentration of sodium, whereas the type of buffer had only a minor effect. Vainrub and Pettitt (13) developed a macroscopic theoretical model considering the repulsion between the charged immobilized probe layer and the target as the main factor influencing the hybridization yield and the binding kinetics on a DNA chip. This model was subsequently improved by Halperin et al. (14) who treated the immobilized probes as a 3D layer. In summary, the experimental and theoretical works dealing with the cation effect on solid-phase hybridization published so far have focused more on probe density, while the role of different types and concentrations of cations has been addressed to a lesser extent.
In contrast to the case of solid-phase hybridization, numerous models and empirical formulas have been developed to describe oligonucleotide hybridization in a solution and used to determine thermodynamic parameters of oligonucleotide hybridization in the presence of monovalent and divalent cations (15) (16) (17) (18) (19) (20) . SantaLucia et al. (18, 19) employed a nearest-neighbor model to predict a duplex stability for a wide range of sodium concentrations. Recently Owczarzy et al. (17) , based on the analysis of a large set of UV absorption spectra, proposed an empirical formula for oligonucleotide duplexes enabling the prediction of melting temperatures, transition enthalpies, entropies and free energies in buffers containing magnesium and monovalent cations. The most advanced theoretical model, referred to as the tightly bound ion (TBI) model, was proposed by Tan and Chen to describe cation-oligonucleotide interactions in a solution (20, 21) . This model employs separate treatments for tightly bound ions and for diffuse ions surrounding DNA molecules.
In this work, we present for the first time the study of the simultaneous effect of sodium (monovalent) and magnesium (divalent) ions on the solid-phase hybridization of fully complementary and partly mismatched DNA targets to densely immobilized probes on a solid surface. The shielding effect of cations on hybridization is investigated with respect to both the cation type and concentration using an SPR sensor and the results are compared with the results obtained in a solution using UV absorption spectroscopy.
MATERIALS AND METHODS

Oligonucleotides
A biotinylated 23-mer DNA oligonucleotide (BdO 23 ) of the sequence biotin-(TEG) 2 -5 0 -d (CAG TGT GGA AAA  TCT CTA GCA GT)-3 0 was used as a DNA oligonucleotide probe. This base sequence plays a crucial role in the replication of the human immunodeficiency virus (HIV) (22) . The following DNA oligonucleotides were used as targets: (i) the fully matched target 5 0 -d (ACT GCT  AGA GAT TTT CCA CAC TG) were purchased from Integrated DNA Technologies, Inc., USA, and from LMFR Masaryk University, Czech Republic, respectively. All the oligonucleotides were HPLC purified.
Reagents
All the buffers were prepared using ultrapure water (18 M/cm resistance, Direct-Q from Millipore C. The PBS buffer had the same composition as the PB buffer with 137 mM NaCl, pH 7.4 at 25 C. The immobilization and hybridization were measured in 10 mM Tris (in some cases in 10 mM PB, 10 mM HEPES or 10 mM cacodylate) containing a selected combination of mixed 0, 50, 150, 500 and 1000 mM NaCl and 0, 1.5, 5 and 15 mM MgCl 2 , pH 7.4 at 25 C.
The SPR biosensor
A laboratory SPR sensor (PLASMON IV) developed at the Institute of Photonics and Electronics, Prague, Czech Republic, was used for the purpose of this study (23) . In brief, the sensor is based on wavelength spectroscopy of surface plasmons in four independent sensing channels and uses a flow-through flow-cell to confine the liquid sample during the experiments. In terms of performance, the sensor is comparable with the best commercial SPR sensor systems. A detailed description of the sensor system is available elsewhere (23) .
SPR experiments
In most SPR experiments reported herein, a conventional immobilization method utilizing streptavidin-biotin interaction was used for the attachment of DNA probes to the sensor surface (gold layer). The immobilization procedure is described in detail elsewhere (23) . In brief, the buffer (10 mM Tris, pH 7.4 at 25 C) was allowed to flow along the streptavidin-modified sensor surface for 10 min. Then 100 nM solution of the probe (biotinylated oligonucleotide BdO 23 ) was introduced to the buffer and injected in the flow-cell. The immobilization process was monitored using the SPR sensor. After about 35 min, when a stable level of the sensor response to the probe immobilization was reached, the running buffer was injected in the flow-cell to wash the functionalized surface. The hybridization experiments were performed immediately after the immobilization of probes was completed. The solution of the target (100 nM) was introduced into the running buffer and allowed to flow through the flow-cell until the equilibrium response was reached (about 35 minutes). Both the immobilization and the hybridization steps were performed in the same running buffers. The temperature and the flow rate were strictly maintained at 25 C and 30 ml/min, respectively.
In control experiments reported in this work, thiolated oligonucleotide probes (S1) were directly attached to the SPR sensor surface. The clean SPR chip was rinsed with deionized water and immersed in a solution of 2 mM probe (S1) in PBS for 2 h. Prior to the SPR measurements, the functionalized chip was rinsed with deionized water, dried with a stream of nitrogen and mounted into the SPR instrument. The solid-phase hybridization of the target (S1C, 100 nM) with S1 probe was performed in 10 mM Tris with 15 mM magnesium and 1000 mM sodium, respectively. The hybridization process was carried out for 20 min followed by washing with Tris containing the selected cation content. Regeneration of the SPR chip was performed by flowing 3% HCOOH along the sensor surface for 5 min. The experiment was carried out at a flow rate of 30 ml/min and a temperature of 25 C.
Analysis of SPR measurements
SPR measurements provided the sensor response (proportional to the mass of captured molecules) as a function of time. A typical kinetic curve containing sensor response to both the probe immobilization and the target hybridization process is shown in Figure 1 . The equilibrium levels corresponding to the yields of the immobilization A and of the hybridization B were determined. The total surface density of the immobilized probes D was calculated according to the formula D ¼ A, where = 1.42 Â 10 12 oligonucleotide/cm 2 /nm is the calibration coefficient for BdO 23 . This calibration coefficient was calculated for the used SPR sensor system taking into account the molecular weight of the probe. Details of the calculation are provided in Ref. (24) . The HE, i.e. the ratio of formed duplexes to immobilized oligonucleotide probes, was calculated as HE ¼ ð B Á M probe =A Á M target ), where M probe and M target correspond to the molecular weight of the probe and target, respectively.
Considering the duplex formation as a pseudo first-order process, its equilibrium association constant K is given by HE according to the formula K ¼ ðHE=c target Á ð1 À HEÞÞ, where c target is the target concentration (c target = 100 nM in our experiments). The decrement of Gibbs energy associated with the duplex formation was determined using the van't Hoff equation:
UV absorption measurements
The oligonucleotide solutions (BdO 23 and CdO 23 ) for UV absorption measurements were prepared in the buffers with a cation content corresponding to the SPR experiments (i.e. 10 mM Tris with 1000 mM NaCl and 10 mM Tris with 15 mM MgCl 2 ). The equimolar solutions of mixed oligonucleotides with a total strand concentration of 0.5, 1, 2 and 5 mM, and with a total strand concentration of 0.3, 0.6, 2 and 6 mM, were prepared in Tris containing sodium and magnesium cations, respectively, and placed in cuvettes with a 1-cm path length. The absorbance at the wavelength of 260 nm was measured with the UV-VIS absorption spectrometer Varian 4000. The heating cycles were performed at the temperature range of 30-90 C with a heating rate of 1 C/min. Each sample was measured in duplicate. The melting temperatures were calculated by the standard derivative method. The resulting DG 298 values were calculated according to the prediction formula based on the nearest-neighbor model described by SantaLucia (18). 
RESULTS
Hybridization of fully matched targets
The main set of experiments was performed with a model system-a DNA 23-mer target (CdO 23 ) containing a base sequence fully complementary to the sequence of the immobilized probe (BdO 23 ). Prior to the detailed study of the cation effect, the influence of the buffer being used was investigated. HE was measured in four common buffers, namely in the Tris, HEPES, phosphate and cacodylate buffers. The HE was measured five times in each buffer at 10 mM concentration, with the addition in each case of one of the five combinations of sodium/ magnesium: 0/0 mM, 0/15 mM, 50/1.5 mM, 150/5 mM, 1000/0 mM and 1000/15 mM. The obtained results did not display any noticeable differences between the buffers (Supplementary Data), which is in agreement with the observations made by Cho et al. (12) . The only exception was the case when no cations were added to the buffer, i.e. for the '0/0 mM' combination of sodium/magnesium concentration. In this case, no sensor response to the target hybridization was observed in Tris, while a very low response to hybridization was observed in the other measured buffers. This was due to the fact that only in the case of Tris, no small cations were present in a solvent after adjusting to the required pH (pH 7.4 at 25 C). To ensure that the solid-phase hybridization experiments are conditioned solely by the presence of free cations coming from the added salts (NaCl and MgCl 2 ), Tris was selected as a hybridization buffer for all the SPR experiments and the melting study. Tris was used despite the temperature sensitivity of its pH (17) as it did not contain any additional cations and was optimal for reported measurements with low concentrations of sodium and magnesium cations.
Gibbs energy values (ÁG 298 ) corresponding to the hybridization of the 23-mer target (CdO 23 ) with the immobilized probe (BdO 23 ) were derived from the hybridization efficiencies as described in the 'Materials and Methods' section ( Figure 1) . The results are displayed in Figure 2a as a 2D function of sodium and magnesium concentration (the values are presented in the form of tables in Supplementary Data for all the 2D graphs). The cation concentration ranges were 0-1 M and 0-15 mM for sodium and magnesium, respectively. The comparative Gibbs energy values for duplex hybridization in a solution are shown in Figure 2b . These values were calculated using the standard empirical prediction formulas as described in Owczarzy et al. (17) . Figure 2a demonstrates the expected overall tendency of increased duplex stability with an increase of the cation content. However, several obvious features differ considerably from the results usually obtained in solutions: (i) magnesium is more efficient in the duplex stabilization than even a much higher concentration of sodium, (ii) the absolute values of ÁG 298 are substantially lower than those reported in a solution with the same cation content, (iii) local stability minimum can be observed when the sodium concentration is gradually increased while the magnesium level is kept constant.
The observation that for solid-phase hybridization, the 15 mM magnesium (divalent) cation is more efficient in the duplex stabilization than even a very high concentration of monovalent sodium (1 M NaCl) is rather surprising. For oligonucleotide complexes in a solution (present typically at micromolar concentrations), the opposite trend in cation efficiency has been described. Owczarzy et al. (17) observed that 1 M monovalent potassium, which is equivalent with sodium ions in the stabilization of duplexes in a solution (16, 17) , is more efficient in stabilization of the oligonucleotide duplexes than any concentration of divalent magnesium. Clearly, the trend in monovalent/divalent ion efficiency obtained by applying Owczarzy's formula (17) to our buffer parameters (Figure 2b ) is opposite to our experimental results.
To further confirm these observations and to address the potential issue of differences in the experimental conditions, a comparative UV absorption experiment was performed with the same oligonucleotide system (BdO 23 and CdO 23 oligonucleotides) as used in the SPR experiments. The selected cation content was 1000 mM sodium (without magnesium) and 15 mM magnesium (without sodium). The melting temperatures of 75.3 ± 0.5 C and 70.1 ± 0.5 C corresponding to Gibbs energies ÁG 298 of À139 ± 7 kJ/mol and À130 ± 6 kJ/mol for 1000 mM sodium and 15 mM magnesium, respectively, were achieved (for a detailed data analysis, see Supplementary Data). A comparison of these results with the ÁG 298 values for solid-phase hybridization obtained with the SPR sensor, i.e. À42.6 ± 0.8 kJ/mol for 1000 mM sodium and À44.3 ± 0.8 kJ/mol for 15 mM magnesium confirms the opposite ranking of the sodium and magnesium efficiency.
A substantial difference in the sodium effect on the duplex stability observed in solid-phase hybridization and hybridization in a solution can be further illustrated by a comparison of our results with the published works. For hybridization in a solution, a quantitative description of the effect of sodium concentration on duplex stability has been derived (18, 25) . Based on these studies both the experimental data (18) and the TBI model (25) suggest a linear dependence of ÁG on the logarithm of sodium concentration in the concentration range of 50-1000 mM, i.e.
where (N-1) is the number of phosphates in a single DNA strand. For our experimental conditions (N-1 = 22, T = 298 K) the values of the coefficient were determined to be 0.46 kJ/mol (18) and 0.28 kJ/mol (25) . By fitting the formula to our solid-phase hybridization results in the used sodium concentration range (Supplementary Data), a linear trend was found as described for hybridization in a solution. However, the corresponding value of the coefficient was only 0.036 kJ/mol, which is about one tenth of the values for hybridization in a solution. This result is consistent with the observation made by Gong and Levicky (26) using shorter (18-mer) oligonucleotides. This demonstrates that the sodium concentration (at a concentration range of 50-1000 mM) influences duplex stability much less in solid-phase hybridization than in hybridization in a solution.
As follows from Figure 2a , the duplex stability dependence on the sodium concentration (at a fixed concentration of magnesium) shows local minima. Specifically, those minima were found for 50 mM sodium at 1.5 mM magnesium, 150 mM sodium at 5 mM magnesium, and 500 mM sodium at 15 mM magnesium. All of these combinations correspond to an $30-fold excess of sodium over magnesium. These local minima are believed to be caused by the competition of sodium and magnesium cations in their binding to DNA duplexes (17, 27, 28) . For example, the magnesium as well as sodium ions are known to bind in both minor and major groove in DNA duplex (29) . However, due to variable hydration shell, the monovalent ions have larger variability of the binding sites within the DNA duplex. Detailed discussion of sodium magnesium competition can be found in Ref. (17, 27, 28) . A competition effect of monovalent and divalent cations has been recently observed using the UV absorption method (17) and predicted by the TBI model (25) for oligonucleotides in a solution.
To determine the reproducibility of Gibbs energy values, a series of independent hybridization experiments (using 22 measuring channels on eight different chips) was performed at the conditions corresponding to the highest achieved HE (i.e. 15 mM magnesium and 0 mM sodium). The obtained ÁG 298 values were found to be highly reproducible with a standard deviation of <2%.
In all the SPR experiments described above, the probes were immobilized to the sensor surface via a streptavidin linker. To rule out the potential effect of cationstreptavidin interaction on the studied cation-oligonucleotide interactions, SPR measurements employing another probe immobilization strategy were carried out. In those experiments the thiol-derivatized oligonucleotide probes were attached directly to the SPR sensor surface (without the use of streptavidin). The hybridization with complementary targets in buffer with selected cation content was monitored (see Supplementary Data for more details). The results clearly demonstrate the same trend in cation efficiency as was observed for the streptavidin-based immobilization method. In particular, the sensor response to the complementary target binding was considerably higher for the analyte solvent containing only magnesium in comparison with that containing only sodium (Supplementary Data). This confirms our assumption that the presence of streptavidin does not influence the conclusions derived from the hybridization experiments utilizing the streptavidin-based immobilization method.
Our results suggest that when formulating assay protocols for DNA microarrays or biosensors, it is advantageous to use a hybridization buffer containing a relatively high concentration of magnesium ($15 mM) and a minimum amount of sodium.
Hybridization of targets containing mismatched bases
To determine the cation effect on stability of targets containing internal base mismatches, a series of SPR experiments analogous to the previous experiments were carried out with the targets containing three (Mism3) or four (Mism4) purine-pyrimidine mismatched base pairs as a model system. These point mismatched bases were distributed uniformly along the target strand. Figure 3 shows ÁG 298 values in dependence on sodium and magnesium concentrations. The overall trends of the duplex stability as a function of sodium and magnesium concentrations for Mism3 and Mism4 are similar to those obtained for the fully matched targets. These include, in particular, the higher efficiency of magnesium over sodium and the stability minima when the sodium concentration is gradually varied and the magnesium concentration is fixed. was determined to be equal to À139 ± 7 kJ/mol using UV absorption measurement at a sodium concentration of 1 M [this experimental value agrees with that predicted by SantaLucia's model (18) in a solution]. Monovalent potassium is considered as equivalent with sodium cation in the stabilization of duplexes in a solution (16, 17) .
In agreement with the previous DNA biosensor (30) and microarray (6) studies, total ÁG 298 values were reduced due to the presence of mismatched base pairs. The destabilizing effect was not proportional to the number of mismatches. For instance, in the case of 15 mM magnesium without sodium, the difference for three mismatches ÁG 298 (Mism3) -ÁG 298 (Match) = 0.84 kJ/mol is three times less than that for four mismatches ÁG 298 (Mism4) -ÁG 298 (Match) = 2.45 kJ/mol. To investigate whether it is possible to improve the level of discrimination of mismatched and fully complementary targets by optimizing the combination of cations in the hybridization buffer by type and cation concentration, the levels of destabilization dependent on cation content were plotted out. Figure 4 shows the levels of destabilization determined as the difference between Gibbs energies for three and four base mismatched targets and those for the fully matched target with the same cation content. The values of the calculated destabilization levels were relatively small and therefore these values were subject to a relatively high uncertainty. However, the general trend of the sodium and magnesium effect is obvious. There is no clear dependence of the mismatched duplex destabilization on the magnesium concentration except for the case of 50/ 0 mM, in which, however, the stability of the used fully matched duplex is also substantially reduced. It is evident that at high sodium concentrations (higher than 100 mM) the destabilization of mismatched duplexes is lower in comparison with a low concentration of sodium (50 mM or less). In the optimization of the cation content for the discrimination of fully complementary and mismatched targets, the need for sufficiently high HE must be taken into account as well. The optimized cation composition yielding the highest level of discrimination between fully complementary and mismatched targets while maintaining a high hybridization signal is clearly the combination of the following cation concentrations, sodium: 0-50 mM and magnesium: 1.5-15 mM. It should be noted that the results were obtained for the model oligonucleotide system containing point purine-pyrimidine mismatches.
Extension of the conclusions of our work to general oligonucleotide systems with different lengths and mismatch types would require further study which will be a subject of our future work.
DISCUSSION
The molecular model describing the observed shielding effect of sodium and magnesium cations on solid-phase hybridization is presented below. All the interactions of probes with targets occur within an active layer with a thickness of $10 nm. This thickness was estimated from the characteristic dimensions of 23-mer oligonucleotide and streptavidin molecules. Considering the observed values of probe coverage ($5 Â 10 12 molecules/cm 2 ) and hybridization efficiencies of BdO 23 /CdO 23 duplexes ($75%), the molar concentration of duplexes in the active layer was 5 mM for 1000 mM sodium. This indicates that oligonucleotide duplexes occupy about 25% of the layer volume. Similarly it can be concluded that in the solution containing 15 mM magnesium and no sodium, as much as 35% of the active layer is filled with duplexes. Considering that 75% of the active layer is freely accessible for cations and assuming that DNA duplexes form cylindrical polyanions with a radius of 10 Å (28,31) it is estimated that only a 6-8 Å thick shell surrounding each duplex is available on average for solvent with cations compensating for the negative charge of the DNA duplex. Using the PoissonBoltzmann theory, Misra and Draper (31) determined concentration profiles for sodium and magnesium cations surrounding an isolated DNA duplex. These calculations showed that both sodium and magnesium cations effectively occupy an area up to 10 Å from the DNA duplex surface, which exceeds our estimated free zone. This suggests a spatial stress restricting the ability of cations to completely shield the negative charges on deoxyribophosphate backbones, which may explain the decreased stability of highly packed duplexes in comparison with low concentrations of oligonucleotides in a solution. It has been shown that the distribution of magnesium around an isolated DNA duplex is more compact than that of sodium (31) . Therefore, the total sum of positive charges is higher for magnesium under the restricted spatial conditions. This can explain the stronger stabilization effect of magnesium over sodium on the duplex stability for solid-phase hybridization as well as the higher importance of the sodium-magnesium competition.
It is important to mention that we cannot completely exclude the effect of other magnesium binding mechanisms to DNA probes, which would also support its relatively high stabilization efficiency. For instance, the limited space between duplexes may evoke the idea of a possible parallelism with the known role of multivalent cations in the process of DNA condensation and redissolution (32) (33) (34) . Magnesium is also believed to specifically interact with the oligonucleotide bases (35) . All these interactions may result in solid-phase hybridization of non-complementary target. However, for our solid-phase hybridization experiments, no considerable SPR signal was observed when a non-complementary target with a high concentration (2 mM) was injected over the surface of the immobilized probes even for the highest used concentration of magnesium (data not shown here). Therefore, it is not likely that magnesium-mediated interchain binding (other than duplex formation) takes place in the solid-phase hybridization processes. On the other hand, the interactions between closely packed probes may affect the target affinity to probes (especially for buffers with high cation concentrations) (26, 36, 37) . For example, the studies of Gong and Levicky (26) and Matveeva et al. (36) confirmed that mutual probe interactions may result in lower target affinity to probes.
Duplex destabilization for solid-phase hybridization (in comparison with hybridization in a solution with the same cation content) was observed in this work (Figure 2 ). This trend can be also found in several other DNA sensor and microarray studies (1,7-9,11,12) . Due to the different experimental conditions used in these works, it is difficult to form a meaningful quantitative comparison among our results and the published data. However, for selected experimental conditions, the differences between Gibbs energy values for solid-phase hybridization and hybridization in a solution (i.e. ÁG ), which should be independent of particular base sequence (7), can be compared. The selected conditions include a comparable probe density (10 12 -10 13 probes/cm 2 ) and the hybridization of fully complementary targets in buffer containing 1000 mM sodium without magnesium. In the cases when solution hybridization data were not published, ÁG solution 298 values were estimated using the nearest-neighbor prediction method by SantaLucia (18) difference) was directly proportional to the squared number of negatively charged phosphate units in the oligonucleotide chain ( Figure 5 ). This dependence is in qualitative agreement with the theoretical prediction of Halperin et al. (14) , who treated the immobilized probes as a 3D layer. On the other hand, the predicted duplex destabilization is significantly lower than observed in our experiments ( Figure 5 ). It suggests that the cation shielding for solid-phase hybridization is probably overestimated by the theory (14) . In addition to the electrostatic repulsion, mutual interactions between probes may be also involved in duplex destabilization (26) . Figure 5 suggests a good agreement among our results and the published data despite the different immobilization methods used. This confirms our assumption that the immobilization method as well as the detection technique does not influence the general properties of cation-oligonucleotide interactions. Therefore, one can conclude that the trends in the shielding effect of combined monovalent and divalent cations on DNA solid-phase hybridization established in this work could be expanded to any solid-phase hybridization utilizing similar surface density and oligonucleotide length.
CONCLUSIONS
In this work, the simultaneous effect of monovalent and divalent cations on solid-phase hybridization for closely packed oligonucleotides on a biosensor chip was investigated using SPR biosensor technology. The results were compared with the cation efficiency trends established for oligonucleotides in a solution as well as with the relevant published data on cation effect in solid-phase hybridization.
Our study shows that both the type and concentration of cations play an important role in the compensation for the negative charge of densely packed oligonucleotides on solid surfaces and thus in solid-phase hybridization. It is also shown that the efficiency with which cations stabilize duplexes is greatly affected by the restricted surface conditions and thus may substantially differ from that observed in a solution. Specifically, divalent magnesium was found to be much more efficient in stabilization of duplexes than monovalent sodium. This finding sharply contrasts with the results in solution where the trend is the opposite. Moreover, the duplex stability was found to be influenced much less by the concentration of monovalent sodium (when no magnesium was present) in contrast with the relatively high sodium concentration effect on stability observed in a solution.
In our experiments, the remarkable destabilization of duplexes in solid-phase hybridization in comparison with duplexes in a solution was observed. This result was in agreement with previously published works. The level of duplex destabilization was found to be strongly dependent on the oligonucleotide length. In particular, the trend of increasing duplex destabilization with an increase of the oligonucleotide length was demonstrated. Our results indicate that for solid-phase hybridization, the cation composition is critical for accurate determination of the duplex stability. Stability estimates based solely on comparable oligonucleotide and cation systems in a solution are inaccurate, in particular, when oligonucleotides longer than $10 nt are involved.
The obtained results have a number of important consequences for the development of the technology of DNA microarrays and biosensors, especially in terms of formulating assays protocols, developing data analysis tools and optimizing the device design. It is clearly demonstrated that the HE can be controlled by optimizing the cation composition in the running buffer. Investigation of model oligonucleotides with point mismatches suggests that discrimination of fully matched and partially mismatched targets can be improved by optimizing the cation composition in the hybridization buffer. This finding is of great interest in many practical applications. In this work, it was demonstrated that a several millimolar concentration of magnesium and a low concentration of sodium (<50 mM) provide favorable experimental conditions offering an improved discrimination of mismatched and fully complementary targets and a high sensitivity of hybridization detection.
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